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Abstract
Synthesis of Semiconductor Nanoparticles and Characterization of Physical and Optical
Properties
Mikala Shremshock
Nanoparticles are of great interest to a broad scientific community. Because of quantum
effects, nanoscale materials exhibit many unique properties that may be exploited for
biomedical, defense, and energy applications. Extensive synthetic effort is described for II-VI
semiconductor materials. The materials were morphologically confined to zero- or onedimensional structures. The nanoparticles discussed herein present similar chemical, optical,
and physical properties to previously synthesized materials; however, the processes used to
obtain these particles are more environmentally benign and use safer chemicals for the
researcher and the laboratory environment. These nanomaterials have been extensively
characterized to ascertain high quality optical, morphological, and electronic properties as well
as viability with biomolecular and cellular conjugation assays.
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Chapter 1.

Introduction

Nanoscale materials harbor great potential in a variety of fields. Nano-phenomena have
already been harnessed to develop many new applications in medical diagnostics and
treatments, energy, lighting, and homeland security. They have demonstrated great utility in
biomedical imaging,1-6 engineering (photonic crystals),7,8 photovoltaics,9,10 solid state lighting,1114

quantum computing,15-17 security inks and devices,18 industrial dyes,19 and chemical

sensors.20-23
The term “nanoparticle” describes a piece of material with any shape that has at least
one dimension less than 100 nm. In addition, they typically exhibit properties different from the
bulk substance such as fluorescence, conductivity, color change, or reactivity. These materials
have been exploited for art or scientific pursuits for centuries,24-26 yet many properties are still
being discovered and characterized. New materials, new synthetic approaches, and new
analytical techniques continue to elucidate the variety of structures and functions that nanoscale
materials can exhibit.
While nanomaterials can consist of almost any element, metals and semiconductors
have proven to have the most diverse applications (Figure 1-1). This work primarily investigates
cadmium chalcogenides such as cadmium selenide and cadmium sulfide. These and other II-IV
type semiconductors have been well studied.14,27-49 Nanoscale semiconductor materials exhibit
unique photophysical properties such as shifts in absorption range and photoluminescence.50
These properties arise because of quantum effects produced by confinement of the band
structure and tuning of the band edge features of particular semiconductor materials.51
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Figure 1-1. Electromagnetic spectrum correlated with QD material.

In this work, two primary morphologies of nanoparticles were synthesized and
characterized – spherical nanoparticles known as quantum dots (QDs) and anisotropic
nanorods and tubes which are considered as one-dimensional materials. These structures have
been previously synthesized using a variety of methods including molecular epitaxy,52,53
templating,54-56 organometallic,39,57,58 solvothermal, vapor-liquid-solid,59-61 and seeded
approaches.
Structures can be classified by the number of dimensions in which their size is confined
(Figure 1-2). A structure confined in all three dimensions, x, y, and z, is called a nanoparticle or
quantum dot. If a structure is confined in two dimensions, it is a nanowire or nanorod. A thin film
may theoretically extend for meters in the x and y directions, but is confined in the z direction.
2

For analysis and characterization, particles are typically considered as spheres or rods although
they are usually multifaceted due to their crystalline structure.

z
y
x
bulk

thin film
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nanoparticle

3D

2D

1D

0D

Figure 1-2. Conceptual representation showing possible dimensions of confinement and extension for
nanostructured systems.

Chapter 2.
2.1

Semiconductor Quantum Dot Synthesis and Characterization

Introduction
Quantum dots (QDs) are spherical nanoparticles made of a semiconducting material that

experience quantum confinement due to their small size (Figure 2-1). Because QD dimensions
are smaller than the Bohr exciton radius, electrons excited from the valence band are confined
to lower energy. This is known as quantum confinement. QDs are of great importance for
biological, engineering, and chemical applications.62,63 In particular, core/shell type materials
have greater potential impact due to their increased stability and quantum efficiency and
reduced susceptibility to solution degradation thereby reducing cytotoxicity. 37,64 CdSe cores
alone are susceptible to oxidation producing CdO and SeO2.37,65,66 While environmentally benign
syntheses have been developed for CdSe core QDs,67,68 ZnS shell synthesis has, until recently,
required the use of toxic and pyrophoric materials that require careful handling and disposal
limiting the accessibility of such materials for extensive research exploration.46,69 Here, we
3

present the characterization and analysis of CdSe/ZnS core/shell QDs synthesized using green
chemistry principles. The data demonstrate that the QDs are of high quality (monodisperse,
photostable, reproducible). The synthesis is reasonably simple and reproducible. The resulting
nanomaterials can be readily modified for use in further scientific or technical applications. Such
results should provide greater opportunities for research and exploration of quantum dot
applications.

Figure 2-1. CdSe QDs under ultraviolet (top) and ambient (bottom) light. Size ranges from ~2 nm
(left) to ~4 nm (right) in diameter.

2.2

Experimental
All chemicals were used as received without further purification. Cadmium oxide

(99.998%) and selenium (99.999%) were purchased from Alfa Aesar. Technical grades of
octadecene (ODE), trioctylphosphine (TOP), and 1-hexadecylamine (HDA) were purchased
from Aldrich. Tri-n-octylphosphine oxide (TOPO; 99%), zinc stearate, sulfur (99.999%), and
mercaptopropionic acid (MPA) were obtained from Acros. Oleic acid and other solvents were
from Fisher.
2.2.1

CdSe synthesis
4

CdSe QD core synthesis was derived from previously reported methods.40,42 No effort
was made to exclude air from the reaction. In a typical synthesis (Scheme 2-1), 130 mg CdO
was dissolved in 100 ml ODE and 6 ml oleic acid in a 250 ml round bottom flask. TOP(Se)
solution was prepared by dissolving 60 mg Se in 0.8 ml TOP at room temperature. The CdO
solution was heated at 200°C until a clear golden-yellow solution was observed. The selenium
solution was then rapidly injected into the cadmium solution. When the QDs reached the desired
size, the reaction was quenched by pouring the solution into a clean vial immersed in a slurry of
ice, water, and methanol at -15°C for 15 minutes or by pouring 100 ml of room temperature
ODE directly into the reaction mixture. The nanoparticles were purified by precipitation with
methanol and redispersed in chloroform.

Cd

O

+

Se

P [(CH2)7CH3]3

octadecene
oleic acid

Cd Se

Scheme 2-1. Conceptual schematic of the synthesis of CdSe quantum dot cores with organic
surfactant coating.

2.2.2

ZnS shell synthesis
In the ZnS shell synthesis (Scheme 2-2), CdSe cores (50 mg) in chloroform were heated

at 65°C under argon flow until all solvent was removed. 2 ml each of HDA and TOPO was
added and the temperature was gradually increased to 190°C. An equimolar mixture of zinc
stearate and elemental sulfur in 2.5 ml of toluene and 2.5 ml of TOP respectively was
transferred to the reaction flask at a rate of 0.1 ml/min by syringe pump. Following injection, the
solution was heated for an additional hour and then cooled. The presence of high molecular
weight ligands such as stearate, HDA, and TOP caused the reaction solution to solidify on
cooling to room temperature. The addition of 1-2 ml of 2-butanol to the reaction solution after
5

cooling to below the boiling point of butanol mitigated this problem and allowed purification by
precipitation and centrifugation. The particles were precipitated by addition of methanol and
were redispersed in chloroform for characterization and further experimentation.

Cd Se

+

2+

Zn [-OOC(CH2)16CH3]2

+

S

P [(CH2)7CH3]3

TOPO
HDA

CdSe

Scheme 2-2. Conceptual schematic of the synthesis of addition of ZnS shell with similar organic
surfactant coating.

2.2.3

Characterization
Ultraviolet-visible absorption spectroscopy: Absorption spectra were obtained on a

Varian Cary 50 Bio Ultraviolet-Visible Spectrophotometer. Samples were prepared in chloroform
or water and analyzed in 1 cm quartz cuvettes.
Photoluminescence spectroscopy: PL spectra were obtained on a Horiba Jobin-Yvon
Fluorolog-3 spectrophotometer with a xenon lamp source. Slits were set to 5 nm with an
integration time of 0.1 s. Solutions were prepared in chloroform or water and analyzed in 1 cm
quartz cuvettes. Sample absorbance was typically 0.1 or lower to prevent reabsorption effects.
Infrared spectroscopy: Infrared spectroscopy was performed on a Perkin-Elmer ATRFTIR with 4 cm-1 resolution. 8-scan averaging was performed to improve signal/noise ratio.
Liquid samples in chloroform were deposited dropwise to form a thin film on the zinc selenide
ATR sampling crystal. Aqueous samples were prepared as thin films on glass cover slides.
X-ray photoelectron spectroscopy: XPS was performed on a Physical Electronics
VersaProbe 5000 with a monochromated aluminum source using ion neutralization. Samples
6

were prepared by evaporation of organic based solutions or powder deposition on cleaned
silicon wafers. Data were analyzed using PHI MultiPak.
Electron microscopy: Scanning electron microscopy was performed and electron
dispersive x-ray spectra were obtained on a JEOL JSM6490-LVwith an INCA Energy SiLi
detector. Samples were prepared by evaporating a thin film of QDs on HOPG. TEM was
performed on a JEOL 100CX II. Samples were prepared from organic and aqueous solutions
deposited on carbon TEM grids. Particle size data was determined by analyzing the binary
images in ImageJ to obtain a histogram with a Gaussian fit. Number of measurements (n) was
at least 100.
2.3

Results and Discussion
QDs have become important research materials in a variety of areas because of their

unique and tunable optoelectronic properties, such as fluorescence and tunable bandgap size.
II-VI semiconductor nanomaterials have been well studied because of their band gap emission
of visible spectrum light.47,57,64,70,71 QDs are in development for use in solid state lighting and
photovoltaics, security and identification systems, and biomolecular targeting and delivery. QDs
have been widely used in biological labeling and microscopy studies because of their benefits
over traditional organic fluorophores. QDs typically have brighter emission, wider excitation
wavelength windows, and longer photostability.32,57 QDs are being further explored for use as
biomedical diagnostic and therapeutic delivery agents, but cytotoxicity has been a
hindrance.37,65,72,73 Core/shell type QDs are of great benefit due to their increased stability and
quantum efficiency. Two-material QDs also experience less rapid degradation and decreased
toxicity.
Here, we have synthesized our own CdSe/ZnS core/shell QDs using a more
environmentally benign reaction. This QD synthesis eliminates the need for extreme
7

temperatures or glove box techniques and avoids unstable and hazardous compounds used in
typical nanoparticle shell syntheses, while still producing QDs of uniform size and spectral
properties. This work demonstrates a user-friendly, high-yield route to QDs that can be readily
functionalized and modified.
2.3.1

CdSe core growth and characterization
Dissolving cadmium oxide in the presence of oleic acid and other high boiling point

solvents produces a cadmium oleate precursor. Mixing with TOP-Se at 220°C resulted in an
initially translucent yellow solution, which changed to red over several minutes. After 10
minutes, no further apparent color changes were observed. Aliquots were frequently removed
throughout the reaction (starting immediately after combination and continuing for ~5 minutes),
quenched in iced methanol or room temperature ODE, and precipitated by the addition of
methanol. Upon resuspension in chloroform, the photophysical properties of the suspensions
were analyzed by absorbance and photoluminescence (PL) measurements (Figure 2-2).
Emission spectra were collected using excitation at 480 nm. Increasing growth time correlates
with increasing absorption and emission wavelength (decrease in energy) consistent with
increasing nanoparticle size.50 Absorbance spectra show shifts in band edge from bulk CdSe as
determined from the local maxim of the absorbance peak wavelength. As synthesis time
increases, QDs show decreased band gap energy consistent with decreased electron
confinement in the particle due to increasing diameter. PL spectra show the full-width at halfmaximum (FWHM) to be 30 nm indicative of a highly monodisperse solution (5% size
distribution).74 As reaction time is increased, both absorbance and emission peaks shift to
longer wavelengths consistent with increasing QD size, decreasing quantum confinement, and
decreasing bandgap energy. Absorbance measurements show that the band edge varies from
0.48 eV for the longest reaction times to 0.56 eV for shorter reaction times. This confirms that
8

smaller nanoparticles with high-energy absorbances are initially formed and that particle
diameter and reaction time have a direct linear relationship. PL measurements confirm
fluorescence emissions in the visible range as expected from confinement in CdSe QDs. The
emission wavelength increases as reaction time increases, consistent with increasing size and
variable band gap of these particles. The narrow emission peaks (FWHM ~30 nm) indicate
consistently monodisperse particles as compared with published results of previous
syntheses.14,42,57

Figure 2-2. Absorbance (left) and PL spectra (right) of CdSe QDs in chloroform solution synthesized with
increasing growth times. (Spectra are vertically shifted for clarity.)

The reproducibility of this synthetic approach was studied by independently reproducing
the synthesis in triplicate using identically prepared solutions and allowing each to react for the
9

same amount of time. In these tests, the full reaction mixture was quenched by rapidly adding
room temperature ODE to double the reaction volume. These three syntheses were purified
separately and resuspended in chloroform. The samples were diluted and normalized by their
absorption at the excitation wavelength for spectra comparisons The spectra for the three
separate syntheses indicate high reproducibility of the process, as they are nearly identical with
an overall emission peak deviation of ±3.0 nm (Figure 2-3). This corresponds to a size variation
of ~0.07 nm implying single monolayer control of CdSe core growth.75

Intensity [au]

Δλem= 3 nm

Wavelength [nm]

Figure 2-3. Fluorescence spectra of three distinct CdSe core reactions quenched after identical growth
time. Δλ = 3 nm across all three solutions.

2.3.2

ZnS shell growth and characterization
Previous syntheses of ZnSe and PbS QDs suggested a possible route to ZnS using a

simple, non-pyrophoric approach.45,76 Using zinc stearate and TOP(S) as reactant sources
avoids the use of air-sensitive dimethyl zinc and bis-trimethylsilyl sulfide, both of which are
significant combustion hazards.
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For ZnS shell growth, CdSe cores were typically purified by precipitation with methanol
and resuspended in chloroform before use; however, initial studies indicate that this is
unnecessary as long as low-boiling point solvents and impurities are removed by vacuum. The
slow injection of the zinc and sulfide precursors allowed time for growth of ZnS materials on the
CdSe core. The slow delivery of reagents combined with the low temperature should reduce
opportunities for the formation of ZnS particles. The presence of long chain and/or amphiphilic
surfactants and solvents, many of which are solids at room temperature required the addition of
an additional solvent to prevent solidification of the product mixture. Purification of the core-shell
QDs from unreacted stearate, TOP, and HDA was carried out by methanol precipitation and
centrifugation. CdSe/ZnS core/shell QDs were dried and dissolved in chloroform for
characterization.
The thickness of the ZnS shell on the CdSe core was controlled by the amount of zinc
and sulfur precursors. The amount of precursors added was determined using a single ZnS
(wurtzite) monolayer of 3.6 Å as basis for calculating the molar amounts of zinc and sulfur to be
added to the exterior of the CdSe QDs based on molar concentration of the QDs and the
estimated diameter of the QDs. For example, CdSe core diameter can be determined to be 3.0
nm from TEM data. The spherical volume of the core is then calculated using by

to be 14.1

nm3. If 2 full monolayers of ZnS are desired on the CdSe QD core, this equates to a shell
thickness of 0.72 nm based on the wurtzite structure. Adding the shell thickness to the core
radius gives a radius of the full core/shell QD to be 2.22 nm. The spherical volume of the total
core/shell QD is 45.8 nm3. Subtracting the volume of the core only from the volume of the
core/shell QD gives the volume of the shell only, which, in this example, is 31.7 nm3. From the
volume of 1 ZnS unit, in can be estimated that this volume of ZnS shell should contain

11

approximately 270 ZnS units or 810 Zn and S atoms. From this information, the molar
equivalents of material are calculated. A typical reaction contains a ten-fold excess of material.
Energy-dispersive x-ray spectroscopy (EDS) measurements confirmed the presence of
cadmium and selenium core materials and zinc and sulfur shell materials by their characteristic
x-ray emission (Figure 2-4). Dissolved QDs were deposited on clean highly ordered pyrolytic
graphite (HOPG), which accounts for the high carbon peak along with a small contribution from
the long-chain aliphatic surfactant molecule. Phosphorous peaks indicate the presence of
organic TOPO molecules. The chlorine peak is likely due to the presence of residual chlorinated
solvents or chlorinated contaminants from solvent or reaction mixture. No effort was made to
quantify the chemical composition from the EDS spectrum, however, EDS unambiguously
confirms the elemental components of the material to be as expected. More information about
the location of each material within the QD and binding state was determined by alternative
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Figure 2-4. Energy dispersive x-ray spectroscopy of CdSe/ZnS core/shell QDs verifying the qualitative
elemental composition.
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Emission spectra from CdSe-TOP QDs were compared to the same CdSe QDs after the
addition of a ZnS overlayer (Figure 2-5). Solutions with similar optical density at the excitation
wavelength of 480 nm were compared. Each spectrum was collected with solutions of QDs at
an optical density less than 0.1 to minimize reabsorption. As expected from the larger bandgap
of the overcoating ZnS and as observed by previous authors,77 there is a slight (~3nm) red shift
of the emission from overcoated QDs, but the ZnS overcoat does not significantly impact the
FWHM of the emission peak. The photoluminescence intensity of the ZnS coated QDs is about
1.5 times greater than that of the native CdSe QDs. This quantum yield enhancement has been
observed by previous authors to be 15-50% depending on the shell thickness and is believed to
arise due to capping of quenching surface states from disordered CdSe and CdO impurities on
the as-synthesized CdSe.64

Intensity [au]

45s CdSe/ZnS

450

45s CdSe

500

550

600

Wavelength [nm]

650

Figure 2-5. PL spectra of CdSe cores grown for 45 seconds, purified, and redispersed in chloroform
and the same CdSe cores after ZnS shell addition (~4 monolayers) and purification.

The PL quantum yield43 was determined to quantify the quality of QD excitation and
emission. PL spectra of the samples before and after shell addition were compared with the
spectrum of an organic dye of known quantum yield with a similar peak emission wavelength.
13

All samples were prepared with similar optical densities at the excitation wavelength. By
comparing the integrations of the PL spectra from the QD sample and the organic dye, the PL
quantum yield of the CdSe cores was determined to be approximately 30%. Upon addition of
the ZnS shell, quantum yield increased to 78%.
The size of the CdSe cores was characterized directly and indirectly by several methods.
The UV-Vis data were analyzed in the method of Brus, et al using the effective mass model
equation which provides a direct correlation between UV-Vis peak and particle size.50,78 This
analysis provided size and concentration estimates for the CdSe cores synthesized for different
periods of time. CdSe QD core diameters were also estimated using Yu’s previously published
study of absorbance and size correlation based on empirical data from multiple authors.49 These
estimates are provided for comparison (Table 2-1). Size and monodispersity were confirmed by
TEM (Figure 2-6). TEM images obtained of the CdSe QDs before and after ZnS coating show
similar uniformity and a slight size increase. Particle size analysis of the TEM images yielded
CdSe core diameters of 2.91±0.05 nm (n = 122) and CdSe/ZnS diameters of 5.43 ± 0.08 nm (n
= 278). Size was determined by applying a Gaussian fit to a size distribution histogram
generated from measurements taken using Image J.
Table 2-1. Comparison of size determinations for three QD CdSe cores synthesized with increasing growth
times based on experimental data fit, effective mass model calculation, and TEM observations.
Reaction
time [sec]

λ-Absorbance
[nm]

λ-Emission
[nm]

ε [cm-1 M-1]

Diameter:
Yu [nm]

Diameter:
Eff. Mass [nm]

Diameter:
TEM [nm]

30

541.0

546.5

92,031

2.87

2.86

2.78

45

545.0
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Figure 2-6. TEM of (a) CdSe cores synthesized for 45 sec and (b) of same CdSe cores with ~4
monolayers of ZnS. Insets show histogram and Gaussian fit of particle size.

X-ray photoelectron spectroscopy (XPS) data further confirms the qualitative and
quantitative composition of the core and shell materials. The high-resolution spectrum (Figure
2-7) shows the expected peaks in the Cd (3d5/2, 3d3/2), Se (3d), Zn (2p3/2), and S (2p) regions.
No overt signs of oxidation were observed after being exposed to light and air for several
weeks. Formation of SeO2 would have been observable by a shift in the selenium peak had
oxidation occurred. This result indicates that the ZnS shell sufficiently protects the CdSe core
from oxidation and degradation.
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Figure 2-7. XPS spectrum of CdSe/ZnS QDs.

2.4

Conclusion
The synthetic method described above is simple and inherently safer than previously

published methods, requiring less specialized equipment and tolerating greater flexibility in
reaction conditions. Absorbance and emission spectra indicate sharp peaks and low size
distribution for CdSe cores, a slight red-shift with addition of ZnS shell due to increase in
diameter and significant PL QY enhancement for core-shell QDs because surface vacancies are
passivated by the ZnS coat.
The QDs synthesized by this approach show characteristics similar to those produced
through more technically challenging syntheses. Primarily, the emission peak of the QDs is
tunable through control of reaction time as evidenced by a triplicate reaction at 45 seconds to
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produce QDs of 2.9 nm diameter and an emission peak wavelength variation of ±3.0 nm and a
size variation of ~0.07 nm. Size and emission wavelength control along with the ability to
stabilize and reduce degradation of CdSe QDs through the addition of a ZnS shell dramatically
increases the relative intensity of the emission peak with a slight red-shift as expected.
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Chapter 3.
3.1

QD surface modification and functionalization

Introduction
QDs have applications in a variety of areas, but one of the most prolific is in

biomolecular conjugation and imaging. Fluorescent labels have enabled many researchers to
track physical and chemical interactions of proteins, cells, and other biomolecules.73,79,80
Organic fluorescent dyes have also been used for such studies, however, QDs offer several
advantages over fluorescent dyes (Table 3-1).78
Table 3-1. Comparison of QDs and organic fluorescent dyes for biological labeling experiments.

QDs

Dyes

Single source excitation for many QDs

One excitation source per dye

Narrow emission spectra

Emission spectra subject to broadening

Bright fluorescence

Limited brightness

High photostability

Fast photobleaching

Emission largely insensitive to chemistry

Functional groups can modify emission

A typical QD synthesis results in a core/shell QD with long-chain organic surfactant
molecules attached. These QDs are soluble in several organic solvents such as chloroform,
toluene, and hexane. In these solvents, the TOP molecules are bound to the surface selenide or
sulfide atoms. Additional TOP-O is also present and contributes ~70% to surface coverage.28
However, when the QDs are dissolved in pyridine, the TOP-O is displaced by the pyridine
leading to decreased surface coverage.35 This results in a greater chance of aggregation in
solution, but also makes the nanoparticles easier to dry and adhere to surfaces. Other long
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chain alkanes can also be attached to the surface of the QD through ligand exchange imparting
various degrees of hydrophobicity to the particles.
In order to utilize organic synthesized QDs in biological and other aqueous media,
hydrophilic surfactants must be attached. Several small molecules have been successfully
attached to semiconductor nanoparticle substrates using terminal acid and amine groups such
as mercaptopropionic acid (MPA) and aminoethane thiol (AET). Acid and amine terminated
molecules are desirable because they can be easily modified to attach to peptides such as
antigens, antibodies, or enzymes through readily available chemistry. Scheme 3-1 conceptually
illustrates 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccidimide (NHS) chemistry typically used for peptide coupling. This method can also be
used to bind QDs to biomolecules through the activation of carboxylate terminated QDs with
amine terminated proteins. Binding targets can also be interchanged so that amine terminated
QDs are bound to carboxylate terminated biomolecule.

Scheme 3-1. A generalized scheme of carbodiimide (EDC) and hydroxy succinimide (NHS) coupling of
carboxylate-terminated molecules (1) with amine-terminated molecules (2).

To achieve displacement of existing surfactant molecules for the desired molecules,
ligand exchange is performed.81 For most exchanges, simply mixing the original and desired
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ligands with gentle mixing is sufficient to remove the original ligand and adsorb a new ligand on
the particle surface. Length of time to achieve complete removal and coverage varies
depending on molecular weight and orientation of each species. As ligand exchange proceeds,
the particles flocculate out of one phase into the other.
A similar surface modification process was used to produce amphiphilic particles. Assynthesized QDs were encapsulated in a copolymer. Polymer synthesis and exchange was
performed similar to previously published procedures.82,83 Polymers have also been explored as
nanoparticle surface modifiers.84 Polymer encapsulated particles offer a new range of variability
in chain length and amphiphilic properties for solubility and self-assembly of nanoparticles.
3.2

Experimental

QDs synthesized as described in Chapter 2 were purified and modified with
hydrophobic, hydrophilic, and amphiphilic surfactants. Analysis and characterization of these
modifications are presented.
3.2.1

Surface modification procedure

We considered two approaches to modify the surface of the QDs and to provide coupling
points for biomolecular analytes. Ligand exchange of the TOPO stabilizing ligands was
performed at room temperature using an excess of MPA (Scheme 3-2). 20 µl of MPA was
added to 250 µl of CdSe/ZnS QDs at ~50 µM in chloroform. The solution was left to react for ~2
hours after which obvious precipitation of QDs was observed. The nanoparticles were washed
three times by centrifuging at 1000 xG for 2 minutes, removing supernatant solvent, and
redispersing in 200 µl of chloroform. Finally, 200 µl of 0.1 M PBS buffer at pH 7.4 was added.
NaOH was then added dropwise until the QDs were resuspended in solution (typically pH ~10).
In this matrix, the QDs formed a stable suspension for ~5 days.
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Scheme 3-2. Conceptual schematic of hydrophobic-to-hydrophilic ligand exchange.

An alternative method for altering the hydrophobicity of QDs is polymeric encapsulation
(Scheme 3-3). A polyacrylic acid (PAA) backbone was modified with ~80% octylamine (OA)
chains following the method of Shen, et al.85 2.5 g polyacrylic acid was dissolved in 35 ml DMF.
EDC was added to activate the carboxylic acid groups. 3.2 ml octylamine was added and
formed amide bonds to the activated acid groups on the polyacrylic backbone. After stirring
overnight, excess solvent was removed and 10 ml distilled water was added to precipitate the
copolymer. The polymer was isolated by centrifugation and redissolved in 20 ml 1 M NaOH. To
encapsulate QDs, 1 g of polymer was added to 100 mg QDs in CHCl3. The mixture was
sonicated until the polymer was completely dissolved. The solution was filtered through 0.1 μm
Anodisc filter and adjusted to pH 6. QDs prepared this way were stable for over 1 month.
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Scheme 3-3. Conceptual schematic of polymeric encapsulation of QD.
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3.2.2

Protein binding

To confirm protein-binding specificity, antibody labeled QDs were assayed against
complementary antigens on engineered substrates and cellular substrates. Following organic or
polymeric ligand modification of the QDs, the particles were conjugated to bovine serum
albumin (BSA) antibody via acid activation of the QD ligand using EDC and NHS to bind to
amine groups on the antibody. BSA antigen labeled with fluorescein isothiocyanate (FITC) was
immobilized on glass substrates by microcontact printing.86 This procedure generates periodic
patterns of BSA and bare substrate areas (Figure 3-1). Antibody conjugated QDs were then
reacted with the stamped region and rinsed thoroughly. Confocal microscopy was used to
confirm selective binding of the QDs only to BSA regions by colocalization of the FITC (515 nm)
and QD (590 nm) emissions.

Figure 3-1. Microcontact printing procedure
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Atomic force microscopy (AFM) in fluid was also performed on the same substrates
described above. Height traces of the engineered substrates were compared before and after
conjugation with antibody labeled QDs.
3.2.3

Cell studies

Cellular assays were performed on a human lymph node endothelial cell line. SVEC-410 cells were cultured in Dulbecco’s Minimal Eagles Medium (DMEM) supplemented with 1%
fetal bovine serum and 1% penicillin and streptomycin in 5% CO2 humidified atmosphere at
37°C. These cells express β-catenin, a surface membrane protein, which plays a role in
embryogenesis and has been linked to cell growth in cancerous tumors including basal cell
carcinoma, colon, and breast cancers.87 Secondary labeling of the protein was performed with
rabbit IgG. Cells were fixed for imaging with confocal and fluorescent microscopy.
3.3
3.3.1

Results and discussion
Surface modification characterization

ATR-FTIR spectra of the reactant mixture before and after purification confirm removal
of unbound surfactant and excess reaction solvent. Assuming nearly complete removal of
unbound organic molecules, TOPO will be the primary ligand with an IR signature. The
spectrum of neat TOPO (Figure 3-2a) shows characteristic peaks for C–H stretching from 2950
cm-1 to 2860 cm-1, the CH3 bending region at 1465 cm-1, and the P–O stretching region near
1145 cm-1. The IR spectrum of the QDs (Figure 3-2b) shows C–H bending and stretching
regions attributable to TOPO. However, the P–O stretching region is absent, and only the P–
CH3 deformation vibration is observed at 910 cm-1.
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Figure 3-2. Infrared spectra of (a) neat TOPO and (b) TOP surfacted QDs.

Ligand exchange of TOPO for mercaptopropionic acid (MPA) was performed at room
temperature in ambient conditions and could be visually confirmed by QDs precipitating out of
the organic solvent phase and dispersing in aqueous phase solution (Figure 3-3 photo insets).
IR spectroscopy was used to track the process of ligand exchange over 24 hours. After 12
hours, no further change could be observed in the spectrum indicating complete exchange. The
spectrum of the final hydrophilic product after purification by methanol precipitation to remove
excess reactants and solvents (Figure 3-3) shows the disappearance of the aliphatic stretching
and bending frequencies at 2950 - 2850 cm-1 and 1425 cm-1 consistent with the removal of
TOPO and the appearance of the OH stretching region at 3350 cm-1; the C=O stretching region
at 1650 cm-1 confirms the presence of MPA.
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Figure 3-3. Time series of IR spectra of ligand exchange of TOP for MPA.

3.3.2

Protein binding studies

Antibody conjugated QDs were reacted with engineered protein substrates. Confocal
microscopy was used to confirm selective binding of the QDs only to BSA regions by
colocalization of the FITC (515 nm) and QD (590 nm) emissions. The red fluorescent QDs and
green fluorescent FITC, when colocalized, appear yellow (Figure 3-4).
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Figure 3-4. Confocal microscopy images of QD emission (DAPI filter; red-channel) and FITC emission
(FITC filter; green-channel).

Liquid phase AFM offers unique insight on the bioconjugation of QDs with proteins.
When coupled with confocal microscopy, substrates can be unambiguously studied. Future
work will use this setup to study binding efficiency of various antigen/antibody couplings as a
function of QD surfactant.
Atomic force microscopy (AFM) in fluid was also performed on the same samples
(Figure 3-5). The presence of antigen stamped patterns are readily visible height trace of the
BSA stamp only (green). Fluid AFM studies indicate that the height increases from 2-4 nm for
BSA stamped regions alone to 10-15 nm after conjugation with Anti-BSA labeled QDs (red line).
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Figure 3-5. Fluid AFM images of (a) BSA stamp and (b) BSA stamp with MPA-QDs. Height
traces are of BSA stamp before (green) and after (red) QD conjugation.

Cellular studies were performed on a human endothelial cell line. Specific targeting of
QDs was achieved by labeling the QD with anti-β-catenin and incubating the cell cultures with
Ab-QDs (red fluorescing). The cells were permeabilized and incubated with QDs labeled with
anti-β-catenin to demonstrate specific targeting. Secondary labeling with FITC-IgG (green
fluorescing) confirms that the QDs are bound to the proteins rather than non-specific adsorption
to other cellular structures (Figure 3-6).
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Figure 3-6. Confocal image of cells after conjugation with Ab-QDs and immunolabeling. a) red
channel showing 600 nm QDs, b) green channel showing FITC (514nm), and c) colocalization of red
and green produce yellow.

3.4

Conclusion

Surface modification presents an easy method to control binding, optical, and physical
properties of QDs. Surface molecules can be easily displaced by appropriate solvent or other
molecules through ligand exchange. The process of ligand exchange can also be used for
purification and isolation of desired products in high purity and yield.
Protein and cellular studies demonstrate that the QDs synthesized by the method
outlined in Chapter 2 have similar reactivity to other QDs. Further, surface modification of the
QDs does not interfere with in vitro antibody-antigen interactions. Success of this research in
demonstrating specific binding of antibody conjugated QDs to targeted antigens on cellular
substrates is a significant step towards cancer cell labeling. Future work could include use of
other known cancer cell markers, development of cancer marker screening devices, facilitate
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tracking of cancer cell migration, and provide a vehicle for delivery of targeted therapeutic
treatments.
While QDs continue to be exploited for their unique fluorescent properties in many
areas, biological conjugation is complex because of the native QD surfactants formed during
synthesis. Ligand exchange and polymeric encapsulation have proved to be two important and
successful methods for modifying the surface and reactivity of QDs.
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Chapter 4.
4.1

CdS Nanorods

Introduction

Nanoscale constructs have potential in many applications because many properties can
be adjusted and tuned to fulfill specific functions. Nanorods photoluminesce, which is the
hallmark of quantum confined nanostructures, but they can also produce linearly polarized
emission.88 Nanorods are in development as solar cells, light-emitting diodes, photodetectors,
lasers, and quantum computers.89,90 The properties of nanorods are controlled by material,
dimensions, shape, and crystal phase. The most common materials are metals and
semiconductors. Of the semiconductors, II-VI materials have received the most attention
because of the pioneering work done on QDs of CdS, CdSe, CdTe, and others.57,91
Nanorods can be defined by their aspect ratio – that is, the ratio of their length to width
(diameter). A zero-dimensional nanoparticle would have an aspect ratio of 1, whereas a very
long, very thin one-dimensional structure can have an aspect ratio > 1000. Although the terms
have been used interchangeably in literature, typically the term nanorod describes a structure
with an aspect ratio greater than 1 but less than 100, while nanowire describes structures with
aspect ratios greater than 100. There are many morphological considerations for semiconductor
nanorods. A unique set of physical, chemical, and electronic properties of nanorods can be
defined based on the crystal phase and orientation of the material as well as if the structure is
multi-crystalline or a single crystal. Material strength is greatly affected by crystal phase and
orientation. Rods with multiple crystal phases tend to form multi-rod structures such as tripods,
tetrapods, or more complex structures such as nano trees, arrows, or pyramids. Aspect ratio
and size are perhaps the most recognizable physical property of nanorods.
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The most common crystal structures for II-VI semiconductor materials are zinc blende,
wurtzite, or rock salt. The crystallinity and orientation of these materials can produce anisotropic
growth along one or more planes. Initial research on anisotropic growth of semiconductor
nanorods heavily borrowed from CdSe QD syntheses and used a mixed surfactant approach to
retard growth of one crystal plane.39,58
A simple, readily available method of controlling size and shape of single rod species is
with a templated approach. Analogous to macroscale molding techniques, a template with the
inverse of the desired morphology is created and the semiconductor material is then deposited
or grown inside of the mold. Templates made from aluminum oxide membranes,55 polymeric
materials,54 biomolecules,92 and aqueous media93,94 have been successfully used. Materials are
typically grown by electrodeposition or from solution based precursors using precipitation or
metathesis reactions. An extensive review of templated approaches to nanorod construction has
been recently published.56
One benefit of templated approaches is greater control over the morphology and size of
the nanostructures. However, many factors need to be carefully considered for high quality
nanorod growth. The template must be uniform and repetitious. Control of template orientation
is highly desirable and no shrinkage or expansion should occur throughout the nanorod growth
process. In many cases, the template must be removable after use. In the case of membranes,
this is usually accomplished by destruction of the membrane by chemical reactions to which the
nanorod is inert. Biological templates can be non-destructively removed by environmental
changes such as pH or temperature.
Challenges for templated approaches include nanorod crystallinity and orientation.
Correct positioning of the nanorods is vital for down-stream application development. This can
be addressed by incorporating the template into the final device. The materials to be deposited
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must also by very pure. Uncontrolled impurities may perturb the crystal structure and result in
multi-crystalline or amorphous materials or non-uniform optical and electronic properties.
Conversely, this presents an ideal opportunity for controlled doping of the system.
In this experiment, a unique diffusive reaction system is used. Our growth system
employs several principles of biomimetic growth. Biomimetic systems are those which imitate
natural systems in function, growth, control strategies, or reactions. Although semiconductors
are non-biogenic materials, several biomimetics principles have been demonstrated here. The
reaction location is controlled by allowing the liquid and vapor to react at a membrane interface.
The reactants are transported to the reaction location. The reaction and nanorod growth is
confined by rigid polymer pores as well as thin membrane pores. Using biomimetic principles
allows for greater control over reaction rate, location, and form of final products.
4.2

Experimental

Cadmium sulfate (99%, Sigma Aldrich), zinc sulfide (99.9%, Acros), and hydrochloric
acid (environmental grade, Alfa Aesar) were used as received without further purification.
Sylgard 184 silicone elastomer kit was mixed according to standard procedures. Nucleopore
polycarbonate track etch (PCTE) membrane with pore diameters ranging from 0.05 μm to 8 um
was used as the template matrix.
4.2.1

Setup
Polydimethylsiloxane (PDMS) and curing agent were mixed at a ratio of 10:1 by weight.

The mixture was thoroughly stirred to achieve an even distribution of curing agent. The mixture
was degassed in a vacuum chamber to remove air and poured into a mold to a thickness of
~1.5 cm. The polymer was cured for 2 hours at 60 °C, cooled, and cut into 2.5 cm2 pieces to fit
into the reaction vessel. A 4mm diameter hole was punched in the thick PDMS to direct the
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location of the reaction by providing an interface at which the reactants meet. The volume of this
well is calculated to be 60 μl, though only 30 μl of CdSO4 solution was placed in the well.
Another size PDMS was also formed of the same dimensions, but only 50-100 μm thick. The
thin PDMS is more permeable to hydrogen sulfide gas than thick PDMS. Porous polycarbonate
track etch (PCTE) membrane was sized to fit the PDMS well and fixed to the thin PDMS first.
This serves as the template for CdS nanorod and nanotube growth. One side of the membrane
is smoother and therefore shinier. This side is placed against the thin PDMS to form a very
strong and uniform seal. This also prevents growth of material between the membrane and
PDMS interface. The membrane is then aligned over the PDMS well and the thin PDMS is firmly
pressed against the thick PDMS to create a seal. The materials are assembled as shown in
Figure 4-1. CdSO4 solution is loaded into the wells before the entire construct is inverted. By
adding the liquid first, the high capillary forces maintain contact between the porous membrane
and the aqueous cadmium solution.
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Figure 4-1. Schematic of CdS nanorod reaction and growth system.

Gaseous H2S is generated as needed in a separate reaction vessel by adding 2 ml of
30% HCl (1.855 x 10-2 mol) on 1 g ZnS powder (9.275 x 10-3 mol) (Scheme 4-1). This produces
H2S at a rate of approximately 0.0274 cm3/s. As H2S gas is generated, it flows into the reaction
vessel where it reacts with CdSO4 to form CdS, an insoluble semiconductor (Scheme 4-2). The
excess H2S gas is removed by bubbling it through a solution of NaOH, which produces sodium
sulfide, a water-soluble byproduct.

Scheme 4-1. Reaction used to produce hydrogen sulfide gas for subsequent reaction.
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H2S(g) + CdSO4 (aq)

CdS(s) + H2SO4 (aq)

Scheme 4-2. Reaction that occurs in the membrane pores to produce CdS rods.

Figure 4-2 is an image of the actual reaction system used to produce semiconductor
nanorods. PCTE functions as a template to control location and size of CdS formation
consistent with biomimetic growth principles.95,96 Sulfur is provided by H2S gas generated on
demand. The rate of H2S entering the reaction site is controlled by a thin (~50 μm) PDMS layer
which is somewhat permeable to gaseous H2S molecules.97 Cadmium ions are supplied by
aqueous cadmium sulfate. The high solubility of CdSO4 in water produces highly mobile Cd2+
ions.98 The membrane is coated with polyvinylpyrrolidone, a wetting agent that increases
hydrophilicity of the membrane pores. This increases the amount of contact that the aqueous
cadmium solution makes with the pores. The H2S and Cd2+ ions interact in the membrane pores
and form CdS – a highly insoluble semiconductor solid (Ksp = 1×10-27) After the material is
formed, the membrane is immobilized in silver epoxy and the PCTE membrane is removed by
oxygen plasma to produce freestanding CdS structures (Figure 4-3).

35

reaction vessel
#1 and #2

H2S
removal

H2S
generation
Figure 4-2. Photograph of actual reaction system used to produce CdS nanostructures.

36

m
11μμ
m

1 μm

Figure 4-3. SEM images of CdS rods grown in PCTE membrane before (left) and after (right) plasma
etching.

4.2.2

Macro crystal growth
To confirm that high quality cadmium sulfide material could be grown via this system and

to determine appropriate concentrations and ratios of reactants, macroscale crystals were
grown using thin PDMS placed on the PDMS wells without the PCTE templating membrane.
This resulted in bulk CdS crystals grown directly on the thin PDMS surface. CdSO4 was
dissolved in water to concentrations ranging from 5 M to 0.01 M. The crystals were analyzed by
optical microscopy, Raman spectroscopy, XRD, and EDS.
4.2.3

Nanostructure growth

Confined growth of anisotropic CdS structures was demonstrated by porous PCTE
membrane with hole diameters ranging from 8 μm to 0.05 μm. As described previously, the
hydrophilic PCTE membrane was wetted by the CdSO4 solution and exposed to H2S vapor.
Size and morphology of the CdS nanostructures produced was related to CdSO4 concentration
and length of exposure to H2S environment. Rod and tube structures were analyzed
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4.2.4

Characterization
Raman spectroscopy: Raman spectroscopy was performed on a Bruker Senterra

dispersive Raman microscope with a cooled CCD. Excitation wavelength was 532 nm at 20
mW. Samples were analyzed directly on the thin PDMS substrates.
Electron microscopy: Scanning electron microscopy (SEM) and energy dispersive x-ray

spectroscopy (EDS) were performed and electron dispersive x-ray spectra were obtained on a
JEOL JSM6490-LVwith an INCA Energy SiLi detector. Macro crystal samples were prepared by
depositing dry CdS crystals on carbon tape. Nanorod and tube samples were prepared by
embedding the membrane in silver epoxy and then removing the membrane by plasma etching.
X-ray diffraction spectroscopy: High angle x-ray diffraction (XRD) was performed on a

custom-built machine using Cu Kα radiation with a wavelength of 0.15418 nm. Samples were
prepared by crushing CdS crystals and mixing the powder with grease on mica substrates.
4.3

Results and Discussion

CdS nanorods and nanotubes have been successfully synthesized in 0.1 to 8 μm
diameter pore templates (Figure 4-4). Biomimetic principles were effectively employed to
confine the structure and growth of non-biogenic semiconductor materials.
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1 μm

Figure 4-4. SEM images of CdS tubes (left) and rods (right).

Nanorods and nanowires composed of semiconducting materials have potential
applications in communications, optical technologies, and integration with computational,
sensing, and lab-on-a-chip devices. Existing synthetic strategies for semiconductor
nanomaterials have required the use of potentially hazardous reactants, elevated temperatures,
and complex synthetic schemes. These negative aspects have created significant challenges
for further development and integration. New synthetic and assembly approaches are often
necessary to facilitate novel materials and applications.
We have demonstrated a biomimetic synthesis for templated growth of nanomaterials at
a liquid:solid interface under ambient conditions using low hazard reactants. We have
successfully produced rods and tubes of various inorganic semiconductor materials in sizes
ranging from nano- to microscale. The composition, crystalline structure, and spectroscopic
properties of these materials have been extensively characterized. Of particular interest is the
suitability of these rods for device applications such as biosensors and coherent light emitters.
Characterization of the electronic properties of the semiconductor rods, as well as changes in
39

apparent conductivity following surface binding events with small biological molecules is
underway with a long-term goal of device development and other potential high-impact
applications.
4.3.1

Macro crystal growth and characterization

Initially, bulk crystals were grown on PDMS without the membrane template to test our
experimental design and to produce sufficient material for analysis and full characterization.
Optical micrographs show brilliant yellow-orange crystals were produced (Figure 4-5). EDS
confirms that these crystals are comprised of cadmium and sulfur (Figure 4-6). While CdS
typically exists in nature in the hexagonal crystal structure, XRD of these materials clearly
confirms that cubic CdS was produced (Figure 4-7). Further characterization by Raman shows
the longitudinal optical (LO) vibrations expected for CdS (Figure 4-8).

Figure 4-5. Optical micrographs of CdS macro crystals.
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Figure 4-6. EDS spectrum of CdS crystals.
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Figure 4-7. XRD spectrum of CdS crystals with comparison to CdS cubic and hexagonal peaks.
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Figure 4-8. Raman spectrum of CdS crystals.
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4.3.2

Nanostructure growth and characterization

Using PCTE membranes of various sizes, rods and tubes were produced (Figure 4-4).
The PCTE was successfully removed using oxygen plasma. It was confirmed by EDS
spectroscopy that this process did not alter the chemical state of the CdS crystals or form
cadmium oxide or other contaminants.
Aspect ratio and wall thickness were controlled by adjusting reaction time, cadmium ion
concentration, and membrane pore size. Table 4-1 illustrates a few combinations of reaction
conditions and the morphology of the resulting nanostructures as determined from SEM images.
At very long reaction times (>>1 hour), rods form in most pore sizes even at very low
cadmium concentrations. At reaction times less than 1 hour, hollow nanotubes form. As
expected, higher cadmium solution concentration or longer reaction time lead to increased wall
thickness.
Table 4-1. Comparison of experimental conditions and observed nanostructures.

[CdSO4]
(M)
1.0
5.0
5.0
1.0
1.0
5.0
0.005
0.1

rxn time
(min)
15
15
15
45
45
45
600.0
600.0

pore diameter
(μm)
8.0
8.0
0.8
0.8
8.0
8.0
0.1
0.1

wall thickness
(μm)
0.55
1.26
0.23
0.32
0.74
1.68
rods
rods

approx.
aspect ratio
0.875
0.875
11.25
11.25
0.875
0.875
60
60

The mechanism as established from time series reactions and SEM images suggests
that the cadmium solution wets the pore sidewalls. When H2S is introduced into the system, a
ring of CdS quickly forms around the perimeter of the pore. As more cadmium solution is drawn
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into the pore from the PDMS well below, it forms small CdS crystallites also around the
periphery. If allowed to react for enough time, these CdS crystallites aggregate to form solid
rods. This is illustrated schematically with supporting SEM images in Figure 4-9. Calculations of
pore size and CdSO4 solution concentration confirm that only enough cadmium ions are initially
inside of the membrane pores to produce a few nanometer thick layer of cubic CdS. For more
CdS to form inside of the pore, Cd2+ must be drawn up from the solution remaining in the PDMS
well.

Figure 4-9. Schematic of CdS tube and rod formation supported with SEM images of actual growth.

4.4

Conclusion

A biomimetic system has been demonstrated to be applicable to the synthesis and
control of non-biogenic semiconductor materials. This method offers a safe, simple growth of
nano constructs with demonstrable control over size, morphology, and composition.
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Future research may utilize such nanorods and tubes to develop a biological sensor.
Self-assembled monolayers of short chain acid or amine terminated ligands may be assembled
on the nanorod surface to afford binding to biomolecules. Ligand/analyte pairs produce a
selective binding response to proteins, DNA, or cells. Such binding events, when they occur at
the surface of the nanorod, will alter the electronic properties of the nanorod when the ligand
and analyte are bound. Such a signal produces a conductometric assay for binding events.
As nanostructures continue to grow in importance for technological, chemical,
biomedical, and defense applications, the ability to control and fine-tune many aspects of the
material becomes more important. With so many synthetic and control methods available, the
mechanisms of growth are still being explored. Here we present a relatively simplistic,
environmentally benign growth control that may be applied to an unknown variety of materials
and morphologies.
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